Axotomy typically leads to retrograde neuronal degeneration in the CNS. Studies in the hypothalamo-neurohypophysial system (HNS) have suggested that neural activity is supportive of magnocellular neuronal (MCN) survival after axotomy. In this study, we directly test this hypothesis by inhibiting neural activity in the HNS, both in vivo and in vitro, by the use of tetrodotoxin (TTX). After median eminence compression to produce axonal injury, unilateral superfusion of 3 M TTX into the rat supraoptic nucleus (SON), delivered with the use of a miniature osmotic pump for 2 weeks in vivo, produced a decrease in the number of surviving MCNs in the TTX-treated SON, compared with the contralateral untreated side of the SON. In vitro application of 2.5 M TTX for 2 weeks to the SON in organotypic culture produced a 73% decrease in the surviving MCNs, compared with untreated control cultures. Raising the extracellular KCl in the culture medium to 25 mM rescued the MCNs from the axotomy-and TTX-induced cell death. These data support the proposal that after axotomy, neural activity is neuroprotective in the HNS.
Introduction
It is well known that axotomy leads to neuronal degeneration in the CNS (Ramon y Cajal, 1928) , and the vasopressin (VP) and oxytocin (OT) magnocellular neurons (MCNs) of the hypothalamo-neurohypophysal system (HNS) have served as classical in vivo models for the study of this phenomenon. Various forms of axonal injury such as hypophysectomy (Hare, 1937; Raisman, 1973) , neuro-hypophysectomy (Bodian and Maran, 1951) , pituitary stalk compression (Dohanics et al., 1992) , and pituitary stalk transection (Alonso et al., 1996) have been shown to lead to retrograde neurodegeneration of Ͼ75% of the MCNs. The axons distal to the transection site degenerate and are eliminated by activated microglia and pituicytes (Dellmann, 1973; Mander and Morris, 1994) . The axons of the surviving MCNs can regenerate by sprouting into the external layer of the median eminence (ME) (Moll, 1962; Raisman, 1973; Kawamoto and Kawashima, 1985) , the proximal edge of the transected stalk (Moll, 1962; , and the third ventricle (Wu et al., 1989; Scott et al., 1995) to form alternative neurohemal organs (Hare, 1937; Raisman, 1973) that can eventually alleviate the diabetes insipidus produced by the lesion (O'Connor, 1952; Moll, 1962; Dellmann, 1973; Raisman, 1973; Dellmann et al., 1988) .
Treatments designed to counter the acute diabetes insipidus caused by axotomy in the HNS, such as the administration of exogenous vasopressin, lead to a greater retrograde degeneration of the MCNs (Herman et al., 1986 (Herman et al., , 1987 . Chronic hyponatremia, which inhibits secretory activity in the MCNs (Verbalis et al., 1986; Robinson et al., 1990; Verbalis and Dohanics, 1991) , also produces an enhanced degeneration of the MCNs after axonal injury in the HNS (Dohanics et al., 1996) . Because both of these treatments lead to decreased functional activity of the MCNs, it was suggested that there is a neuroprotective role of functional activity in the HNS after axonal injury (Herman et al., 1987; Dohanics et al., 1996) . The latter view is also consistent with the findings of Huang and Dellmann (1996) , who showed that chronic intermittent salt loading, which increases the functional activity of the MCNs in the HNS, produced an increased survival of the VP MCNs after hypothalamic stalk transection.
In this study, we directly test the hypothesis that functional activity of the MCNs plays a neuroprotective role in the HNS after axonal injury by using novel in vivo and in vitro experimental models. We found both in the in vivo and in vitro studies that inhibition of neural activity in the supraoptic nucleus (SON) by tetrodotoxin (TTX) significantly increased the extent of MCN degeneration after axotomy. In addition, we found that potassium depolarization rescues OT and VP MCNs from axotomyinduced neurodegeneration in vitro and also reverses the deleterious effect of TTX on the survival of both OT and VP MCNs in the SON.
Materials and Methods
Animals: in vivo experiments. All procedures were performed in accordance with the National Institutes of Health guidelines on the care and use of animal study protocol approved by the National Institute of Neurological Disorders and Stroke Animal Care and Use Committee. Adult male Sprague Dawley rats (250 -350 gm body weight) (Taconic, Germantown, NY) were used. The animals were kept under standard laboratory conditions (room temperature, 22 Ϯ 1°C; 12 hr light/dark cycle, with lights on at 6:00 A.M.). Regular rat chow and water were provided ad libitum.
Neurosurgical interventions. Rats were weighed and anesthetized with Isoflurane, using a Stoelting (Kiel, WI) gas anesthesia adaptor for the stereotaxic instrument. Once anesthetized, the rat was placed in the stereotaxic frame (David Kopf Instruments, Tujunga, CA), the incision site was prepared with alternating scrubs of betadine and alcohol, and a 2 cm midsagittal skin incision was made on the rat calvaria. Using the stereotaxic coordinates from the Paxinos and Watson (1986) atlas, two types of experimental surgical procedures were performed. ME axonal compression. A small (2.5 mm width, 1.5 mm thick) midsagittal burr hole, located 3.2 mm posterior to the bregma, was made on the skull using a dental burr (see Fig. 1 A) . An L-shaped wire held in a device specially designed to apply constant pressure (see Fig. 1 B) was lowered into the brain at the level of the ME to compress the neurohypophysial axons. The stereotaxic coordinates used were 3.2 mm posterior to the bregma, 0 mm mediolateral. The L-shaped wire was lowered until it met the resistance of the skull base, and the compression was maintained for 5 min. Before the descent of the L-shaped wire, the superior sagittal sinus was carefully deviated laterally to prevent its rupture and bleeding.
All of the experimental surgeries were histologically confirmed by visual inspection of the location and size of the ME compression damage. After perfusion, 30 m coronal sections were cut from the compressed area and stained by Giemsa stain (Sigma-Aldrich, St. Louis, MO) to locate the characteristic 2 mm lesion at the level of the ME at the base of the brain. Rats with incomplete compression (i.e., deviating from the midline or having an inadequate extent of ME damage) were excluded from the study. In addition, we also monitored the rats for symptoms of diabetes insipidus as a functional criterion for effective damage of the HNS axons.
Placements of intracerebral cannulas and osmotic pump installation. A small (1.5 mm diameter) parasagittal hole was made on each side of the skull (1.8 mm lateral to the sagittal suture and 1.30 mm caudal to the bregma) using dental burr (Fig. 1C) . Two sterile stainless-steel cannulas (28 gauge), 8.80 mm long, were inserted down to a level of 0.3 mm up to the dorsal border of the SON using the following stereotaxic coordinates: 1.30 mm posterior to the bregma; 1.80 mm mediolateral on each side; 8.80 mm dorsoventral. Each cannula (Plastics One, Roanoke, VA) was attached via sterile polyethylene (PE)100 tubing (Becton Dickinson, Sparks, MD) to a sterile model 2002, Alzet (Cupertino, CA) miniature osmotic pump and fixed to the skull with sterile acrylic dental cement (Plastics One) bonded to sterile stainless-steel screws (Plastics One) inserted in the skull. The two Alzet miniature osmotic pumps, connected to the PE100 tubes, were placed subcutaneously on the dorsal aspect of the rat, between the two scapulas through subcutaneous tunnels, which were formed using hemostatic forceps starting from the midsagittal skin incision. One pump (for the left SON) contained the vehicle only (sterile PBS), whereas the other pump (for the right SON) contained 3 M TTX in PBS filtered via a 0.22 M Millipore (Bedford, MA) filter. The pumps were filled at least 12 hr before the surgery in a sterile environment and placed in the incubator (37°C, 5% CO 2 ) while immersed in PBS for the purpose of osmotic activation.
After the above neurosurgical interventions, the sagittal skin incision was closed with surgical stainless-steel clips, and Ketoprofen was administered (5 mg/kg, diluted in 0.9% NaCl). After surgery, the animals were maintained for 14 d, after which they were anesthetized with pentobarbital sodium (50 mg/kg, i.p., body weight) and immediately perfused transcardially with ice-cold 50 ml of PBS followed by 250 ml of fixative solution (4% paraformaldehyde, 0.19% picric acid in 0.1 M phosphate buffer, pH 7.4). Brains were removed, postfixed overnight in the same fixative solution (diluted 1:1 with PBS), and further processed for fluorescence immunohistochemistry as described below.
Immunohistochemistry for the in vivo experiments. After the perfusion and overnight postfixation at 4°C, we placed the brains in 30% sucrose for 24 hr at 4°C for cryoprotection. Serial coronal sections, 12 M thick, were cut through the SON region with a cryostat (Reichert-Jung 2800; Frigocut, Heidelberg, Germany) at Ϫ18°C and placed on poly-L-lysinecoated glass slides. Each hypothalamic block containing the SON was cut to produce four parallel series, each containing five slides with six coronal sections per slide and with the same rostral to caudal topographic presentation of the SON. All mounted tissue sections were rinsed three times for 10 min in PBS and then blocked in 10% normal goat serum (NGS) and 0.3% Triton X-100 in PBS for 1 hr at room temperature followed by incubation in primary antibody in 5% bovine serum albumin in PBS. For the detection of Fos protein, we incubated the sections in a Fos antiserum (Oncogene Science, Uniondale, NY) diluted to 1:1000 for 24 hr at 4°C. To identify VP or OT neurons in the double-label experiments with Fos immunostaining, the mouse monoclonal antibody PS41, against VPneurophysin (NP), or the PS38 mouse monoclonal antibody against OT-NP, respectively Whitnall et al., 1985) , were used at dilutions of 1:25 and were incubated overnight at 4°C. After incubation in primary antibodies, the slides were rinsed three times for 10 min in PBS at room temperature and further incubated for 1 hr at room temperature in Alexa 594-conjugated goat anti-rabbit (Molecular Probes, Eugene, OR) secondary antibody (1:1000 dilution in PBS) to visualize the Fos-IR as red fluorescent nuclei, and the VP-and OT-IR was detected by Alexa 488-conjugated goat anti-mouse (Molecular Probes) secondary antibody (1:1000 dilution in PBS) as cytoplasmic green fluorescence. When double-label immunocytochemistry for VP-NP versus OT-NP was done, we used a polyclonal rabbit antibody, THR, against VP-NP (obtained from Dr. Allan Robinson, University of California Los Angeles School of Medicine, Los Angeles, CA) at a dilution of 1:2000, incubated overnight at 4°C and detected by Alexa 488-conjugated goat anti-rabbit (Molecular Probes) secondary antibody (1:1000). To visualize the OT neurons, we used a mouse monoclonal antibody, PS38, against OT-NP (Ben- Whitnall et al., 1985) at a dilution of 1:25 and with overnight incubation at 4°C. For the OT staining, the secondary antibody Alexa 594-conjugated goat anti-mouse second antibody (1:1000 dilution) was used. After immunohistochemistry, the sections were air dried overnight in the dark and coverslipped using Prolong Antifade Kit (Molecular Probes) mounting medium.
In addition to VP-NP and OT-NP immunohistochemical staining, all sections were stained with 4,6-diamidino-2-phenylindole (DAPI; SigmaAldrich), a cytochemical stain for DNA that labels cell nuclei. We counted only OT-NP or VP-NP MCNs that also contained DAPIpositive nuclei. We were not able to unequivocally identify DAPIpositive nuclei as MCNs, with their typically large round nuclei, without the simultaneous immunohistochemical staining for VP-NP or OT-NP.
Measurements of representative MCN numbers in the SON. VP-NP and OT-NP immunoreactive MCNs were counted in one section from each of five identifiable levels between the most rostral to the most caudal levels of the SON by using the Paxinos and Watson (1986) atlas as a guide. The first coronal section that was counted was at the most rostral region of the SON, corresponding to approximately Ϫ0.8 mm from the bregma; the second section was adjacent to the most rostral level of the suprachiasmatic nucleus (SCN) corresponding to Ϫ0.92 mm from the bregma and was identified by the positive staining of SCN neurons for VP-NP. The third section was at the level of the mid-SCN (approximately Ϫ1.3 mm), where the characteristic tear shape of VP-NP-positive neurons in the SCN are found. The fourth section was at the most caudal level of the SCN (approximately Ϫ1.4 mm), and the fifth section was at the most caudal level of the SON (approximately Ϫ1.7 mm). The sums of the OT and VP MNCs from these five sections were compared between the experimental and control SONs.
Experiments: slice-explant organotypic cultures. Organotypic hypothalamic cultures were made as described previously (House et al., 1998; Rusnak et al., 2002) . Briefly, 6-d-old Sprague Dawley pups (Taconic) were decapitated, and their brains were quickly removed. Hypothalamic tissue blocks were sectioned into 350 m coronal slices using a McIlwain tissue slicer (Stoelting, Wood Dale, IL). The four slices containing the entire extent of the SON were separated in 4°C Gey's Balanced Salt Solution (Invitrogen, Grand Island, NY) enriched with glucose (5 mg/ml).
Selected sections were trimmed and placed on Millicell-CM filter inserts (pore size, 0.4 m; diameter, 30 mm; Millipore). Each filter insert was placed in a Petri dish (35 mm) containing 1.2 ml of culture medium. Incubation of the cultures was stationary in 5% CO 2 enriched air at 35°C. Cultures were routinely maintained for 15 d in serum containing medium (SCM) with the presence of various pharmacological agents. Medium was replaced three times per week.
Media and incubations. The SCM was composed of 50% Eagles Basal Medium with Earle's salts, 25% heat inactivated horse serum, 25% HBSS, 0.5% glucose, and 25 U/ml penicillin/streptomycin. The osmotic pressure of the standard medium was 314 mOsm/l. In these experiments, slices cultured with and without various pharmacological agents were divided into experimental and control groups. The control groups underwent only a change of control media. Slices in both groups were fixed after 15 d. The pharmacological agents used in the experimental groups were: TTX (2.5 M; Sigma), KCl (25 mM; Sigma), and ciliary neurotrophic factor (CNTF; 10 ng/ml; Sigma).
Immunohistochemistry for in vitro experiments. After incubation in vitro for 15 d, the explants on the filters were fixed in 4% formaldehyde in PBS for 1 hr, rinsed three times for 10 min in PBS, and then placed into cryoprotectant medium ) and stored at 4°C. For immunohistochemistry, the filters containing the fixed slices were excised from the inserts and placed in Netwell carriers (Costar, Cambridge, MA). Filters were rinsed in PBS and blocked in 10% NGS containing 0.3% Triton X-100 for 2 hr. In some immunohistochemical procedures that used the PS 38, 41, and 45 mouse monoclonal antibodies, goat anti-mouse peroxidase-conjugated second antibodies were used, and the immunoreactivity was visualized as the diaminobenzidine reaction product (House et al., 1998) . Double-label immunohistochemistry was also performed to distinguish the OT and VP MCNs in the SONs in the cultures. To identify the VP neurons, the polyclonal rabbit antibody (THR) against VP-neurophysin (obtained from Dr. Allan Robinson) was used at dilution of 1:2000 overnight at 4°C and was detected by Alexa 488-conjugated goat anti-rabbit (Molecular Probes) secondary antibody (1:500). To label OT neurons, a mouse monoclonal antibody against OT-neurophysin, PS 38 Whitnall et al., 1985) was used at a dilution of 1:25 followed by Alexa 594-conjugated goat antimouse second antibody (1:500 dilution). After immunohistochemistry, the sections were eased off the filters using a number 0 or number 1 fine sable brush, placed on double-subbed slides, and allowed to dry overnight before counterstaining and mounting. Tissue that was too fragile to remove from the filters was counterstained in the netwells and mounted directly using Prolong antifade kit (Molecular Probes) mounting medium. Slides were viewed and cells were counted under an epifluorescence microscope (Nikon Labophot; Nikon, Tokyo, Japan) as described previously (House et al., 1998) .
Statistical analyses. Statistical significance of differences between groups was calculated by one-way ANOVA followed by Fisher's protected least significant differences (PLSD) post hoc test. Results are expressed as mean Ϯ SEM, and differences between groups were considered statistically significant when p values were Ͻ0.05.
Results
The in vivo experimental system The goal of these in vivo studies was to determine whether the inhibition of the spontaneous electrical and synaptic activity in the SON by the local application of TTX would increase the axotomy-induced cell death of the MCNs. Figure 1 illustrates the approach that was used to produce axonal damage at the level of the ME by compression and to simultaneously superfuse the SON unilaterally with TTX for 2 weeks in vivo. We used ME compression (Dohanics et al., 1992 (Dohanics et al., , 1996 to cause axonal injury, because hypophysectomy or neurolobectomy, which use parapharyngeal approaches, are intrinsically more traumatic procedures. Other procedures such as ME or pituitary stalk transaction can lead to damage of the portal circulation and thereby compromise the blood supply to the anterior lobe and possibly produce hemorrhage at the base of the skull .
The axonal compression used here was achieved by applying controllable and continuous pressure on the ME using a specially designed tool (Fig. 1 B) (see Materials and Methods) connected to the stereotaxic apparatus. Using a blunted L-shape wire ( Fig.  1 A, B) connected to the compression device, we could avoid vasculature damage and still produce selective damage to the axons in the ME in a simple and reproducible manner.
Effectiveness of ME compression to produce MCN cell death
To evaluate the efficacy of the ME compression procedure used here to produce MCN degeneration in the absence of intracerebral cannulation 14 d after the lesion, the rats were anesthetized with pentobarbital sodium (50 mg/kg, i.p., body weight) and perfused transcardially, and the brains were removed and pro- Figure 1 . The in vivo experimental system. A, Parasagittal view of the HNS in rat brain illustrating the location of the axonal compression injury at the level of the ME (arrowhead) using L-shaped wire (labeled 3) and the placement of the infusion cannulas over the SON. B, Compression device for stereotaxic instrument. The figure shows a three-dimensional view of a specially designed tool for compression of brain structures located over the base of the skull. The compression device was connected to a stereotaxic apparatus (through the bar labeled 1), and the L-shaped wire (labeled 3) was lowered to the level of the ME; by further lowering the wire, a controlled compression could be maintained on the ME. The magnitude of the compression was determined by the strength of the spring (labeled 2). All of the fixed points on the device are illustrated by the positions of the screws. Scale bar, 10 mm. C shows a rat brain coronal section at the level of mid-SON, demonstrating the location of the bilateral cannulas positioned ϳ300 m over the SON. Cannulas were connected to Alzet miniature osmotic pumps (model 2002) via PE100 tubes, and 3 M TTX was delivered to the experimental side and only vehicle to the control side for 2 weeks. 3V, Third ventricle; AL, anterior lobe; CON, control; ic, internal capsule; IL, intermediate lobe; LV, lateral ventricle; ox, optic chiasm; PL, posterior lobe.
cessed as described in Materials and Methods. The results showed that the compression alone produced an 83% decrease in VP MCNs and a 32% decrease in OT MCNs in the SON compared with the unlesioned control rat SONs (Table 1 ). The extent of this MCN cell death found in the SON after axonal compression in the ME is comparable with the 65% decrease in VP MCNs and a 31% decrease in OT MCNs in the SON found by Dohanics et al. (1996) after compressing the neurohypohysial stalk. The slightly greater cell death found in the VP MCNs in our experiments may be attributable to the more proximal site of the injury. The greater vulnerability of the VP MCNs versus the OT MCNs to the axotomy-induced cell death in our experiments (Table 1 ) is in agreement with other reports in which different modes of axonal injury were used (Herman et al., 1987; Dohanics et al., 1992 Dohanics et al., , 1996 Alonso et al., 1996) . In addition, we observed the expected polydipsia and polyuria in the ME lesioned rats (data not shown), typical of the diabetes insipidus found after injuries to the neurohypophysial axons (O'Connor, 1952; Moll, 1962; Dellmann, 1973; Raisman, 1973; Dellmann et al., 1988) .
To inhibit the neuronal activity of the MCNs in the SONs of the lesioned animals, we implanted bilateral intracerebral cannulas above the SONs of the lesioned animals ( Fig. 1 A, C) , which were then connected to Alzet miniature osmotic pumps. For a period of 2 weeks, 3 M TTX was delivered to the area of the right SON and vehicle only to the left SON. In this way, each experimental animal provided both a TTX-treated (with inhibited neural activity) and a control SON for analysis.
TTX infusion blocks synaptic activity in the treated unilateral SON but not in the contralateral SON Before using the above TTX paradigm in ME-lesioned animals, we first evaluated whether the superfusion of 3 M TTX through the cannula for the 14 d was adequate to inhibit neural activity in the SON in vivo. It is well known that intraperitoneal injection of hypertonic saline (0.6 M NaCl, 1 ml/100 gm) elicits strong c-fos activation in MCNs in the SON 90 min after the injection (Ceccatelli et al., 1989; Giovannelli et al., 1990; Sharp et al., 1991; Shiromani et al., 1995) . In our preliminary experiments on normal rats, Fos, a marker of neural activity in the SON, was found to be expressed bilaterally and robustly in the SON and in the VP as well as in OT MCNs after this osmotic stimulation. We used this physiologic stimulation to evaluate the efficacy of the unilateral superfusion of 3 M TTX to inhibit neural activity by determining whether the Fos marker of neural activity in the SON was inhibited after 14 d of infusion of 3 M TTX. Rats (n ϭ 4) with bilateral intracerebral cannula implants over the SON but without ME lesions were prepared in which the right SON was infused with 3 M TTX and the left SON with vehicle (PBS) for only 2 weeks. At the end of this period, the rats were osmotically stressed by an intraperitoneal injection of the 0.6 M NaCl and then killed 90 min later. The brains were removed and processed for Fos and VP-NP or OT-NP double immunofluorescence.
The results showed strong Fos-positive MNCs in the control, left SON infused with vehicle only (Fig. 2 A, arrowhead, B, D) , whereas the 3 M TTX-treated side was absolutely Fos negative ( Fig. 2 A, arrow, C,E) . When the SON sections were doublestained for Fos protein and VP-NP or OT-NP, we found that both the VP neurons (Fig. 2 B) and the OT neurons (Fig. 2 D) were Fos positive but only in the control (vehicle only) SON. Given these data, we concluded that the infusion of 3 M TTX through the SON completely blocked the neural activation of the SON after osmotic stress, and that the superfusion procedure was effective even 14 d after implantation of the Alzet miniature osmotic pumps.
Inhibition of neural activity by TTX reduces the survival of MCNs in the SON after ME compression Before examining whether there was a direct effect of TTX superfusion on the MCN survival after axonal compression, we first evaluated the effect of the TTX superfusion alone on MCN survival. In these experiments, we studied rats without ME compression but those in which 3 M TTX was infused into the right SON and vehicle only into the left SON via the intracerebral cannulas. Fourteen days after surgery, rats were killed by transcardial perfusion and the brains were removed, processed, and evaluated by immunohistochemistry. We found no differences in MNC number in either the OT or VP MNCs between the TTX-treated SON and the vehicle only-treated SONs in the absence of ME compression (Table 2, control) . In contrast, when we compared the SONs in the 3 M TTXtreated side (Fig. 3B, arrow, D) with the SONs in the vehicle onlytreated side (Fig. 3B, arrowhead, C) in the rats that did undergo ME compression, we found that the MNC neurons were clearly disrupted by the TTX treatment (Fig. 3C,D) . Furthermore, in the ME compression group, both the OT and VP MNCs decreased in number as a result of the TTX treatment ( Table 2 ). The VP MNCs fell from a representative value of 32 in the control SON to 18 in the TTX-treated SON, and the OT MNCs fell from 55 in the control SON to 30 in the TTX-treated SON in the axonal compression group (Table 2) . From these data, we can conclude at least for the OT MNCs that the block of neural activity by 3 M TTX significantly increased the neurodegeneration process caused by the ME compression. The decrease in the VP MCNs, although in the same direction as for the OT MCNs, was not statistically significant, in part because of the large decrease already present after the axonal compression even in the absence of TTX.
In view of these findings, we also made an attempt to rescue the SON MCNs after ME compression by unilateral superfusion of KCl into the rat SON through an intracerebral cannula. The continuous infusion of 50 mM KCl over the SON for a 2 week period after ME compression in either the absence or presence of TTX led to an unacceptable rate of morbidity and mortality among the treated rats. For this reason, we decided to perform this experiment in vitro by using the hypothalamic slice culture experimental model. By using this in vitro approach, we could confirm the above experimental results obtained with TTX in vivo and could also study the effects of potassium depolarization on MCN survival after axonal injury.
The in vitro model
The organotypic method of slice culture allows for preservation of the rat hypothalamus and the topographic organization of its nuclei (House et al., 1998) . Figure 4A -C shows the localization of the SON, paraventricular hypothalamic nucleus (PVN), accessory nuclei (ACC), and SCN after immunostaining for total NP after 15 d of culture. Figure 4 also shows higher-power views of the SONs stained for total NP-immunoreactive cells (Fig. 4 D) and more specifically for OT-associated NP-immunoreactive cells (Fig. 4 E) and VP-associated NP-immunoreactive cells (Fig.  4 F) . These immunoreactive neurons are similar in their morphological appearances to MCNs found in the SON in vivo (Armstrong, 1995) . Although the MCN phenotypes are present in these cultures, it has also been shown that there is substantial programmed cell death of the MCN cell population in these slices (Vutskits et al., 1998; Rusnak et al., 2002 Rusnak et al., , 2003 . This is presumably because of the extensive axotomy that these neurons undergo during preparation of the slices. Previous studies have focused on the ability of the neurotrophic factor CNTF to counter this cell death in vitro (Vutskits et al., 1998; Rusnak et al., 2002 Rusnak et al., , 2003 .
The effects of TTX and KCl on MCN survival after axotomy
We used the organotypic culture model system to further examine the influence of neural activity in the survival of MCNs in the SON after this form of axotomy-induced neural degeneration. TTX was used to block the spontaneous neuronal activity in the culture (Wray et al., 1991) , and KCl depolarization was used to (Table 1) . However, at higher magnification (C, D), it can be seen that the infusion of TTX in the SON area after axonal injury leads to greater cell death of the MCNs in TTX ( D) as opposed to when only vehicle is infused ( C). See Table 1 for quantitative analysis. Scale bars: A, B, 400 m; C, D, 100 m.
mimick enhanced neural activity. We found that the addition of 2.5 M TTX to the culture media produced a large decrease in the numbers of OT and VP MCNs surviving after 15 d of culture (Fig.  5 A, B) . The number of VP MCNs in TTX fell by 70% compared with the controls (Fig. 6 A) , and the number of OT MCNs in TTX decreased by 76% compared with the controls (Fig. 6 B) . In contrast, when 25 mM KCl was present in the culture medium for 15 d, this increased the survival of the MCNs in the rat SON slice cultures (Fig. 5 A, C) by 97% for the VP MCNs (Fig. 6A) and by 134% for OT MCNs (Fig. 6 B) .
The rescue of the MCNs from TTX enhanced neurodegeneration after axotomy
Given the deleterious effect of TTX on the survival of the MCNs in vitro, we examined the possibility of reversing its effects by KCl depolarization of the MCNs in the TTX-treated cultures. Figure 7 shows that TTX caused a profound loss of both OT and VP MCNs (Fig. 7 , compare A and B with C and D) and that there was a significant rescue of both MCN subtypes from TTX-induced cell death by KCl depolarization (Fig. 7 E, F ) . A quantitative analysis of these experiments is presented in Figure 8 , which shows that TTX plus KCl increases the number of VP MCNs by 97% and the number of the OT MCNs by 354% when compared with the TTX only-treated slice culture. The addition of CNTF to the TTXtreated slice culture for a period of 15 d led to an even larger reversal of the TTX effect in both the VP and OT MCNs, where the TTX plus CNTF increases the number of VP MCNs by 426% and the OT MCN number increased by 669% when compared with the TTX-only group. When the KCl and CNTF were added together to the TTX-treated slice cultures, we found that the VP MCN number increased by 558% and the OT MCN number was found to increase by 754% compared with the TTX-only group. These data indicate that although the potassium depolarization and the CNTF were effective in reversing the TTX-induced MCN death, the CNTF treatment was more efficacious, especially for the VP MCNs (Fig. 8) .
Effects of KCl and TTX on neurite density Figure 9 illustrates OT and VP MCN neurites in slice cultures that were incubated in 25 mM KCl, 2.5 M TTX, or a combination of both. There was a much higher neurite density in the KCl-treated slice cultures (Fig. 9C,D) and a much lower density of neurites in the TTX-treated slice cultures ( Fig. 9 E, F ) compared with the control group (Fig. 9 A, B) . When TTX is present with 25 mM KCl, the KCl treatment clearly reversed the deleterious effect of the TTX (Fig. 9G,H ).
Discussion
In this study, we directly examined whether the inhibition of neural activity in the SON by TTX can affect the survival of MCNs after axonal injury in the HNS in vivo and in vitro. Previous studies in vivo using experimental treatments that are inferred to reduce excitatory input to the HNS (Herman et al., 1986 (Herman et al., , 1987 Dohanics et al., 1996) found that this produced a substantial decrease in MCN survival after HNS axon injury. The reverse treatment, chronic hypernatremia, did not alter the survival of the axotomized MCNs in one study (Dohanics et al., 1996) ; however, in another study that used a chronic intermittent saltloading paradigm, there was an increase in the survival of MCN cells (Huang and Dellmann, 1996) . In view of these reports, we tested the hypothesis that after axotomy, neural activity was neuroprotective in the HNS by directly inhibiting both electrical and synaptic activity unilaterally in the SON by local superfusion of TTX (Ludwig et al., 1995) in vivo. Each animal's contralateral SON served as the (noninhibited) control in these experiments. The results of this experiment in vivo supported the hypothesis that there is a neuroprotective role for functional activity in the HNS. The TTX superfusion that we used for 2 weeks was effective in blocking evoked excitatory input to the SON (Fig. 2) but did not by itself alter MCN number or the structure of the SON in the absence of axonal compression (Table 2, control). However, it did cause considerable disruption of cellular organization (Fig.  3C,D) and a decrease in MCN number in the axotomized and TTX-treated SON (Table 2 , axonal compression). These data are comparable with those reported by Dohanics et al. (1996) , who found that axonal compression alone caused a decrease in VP and OT MCNs to ϳ65 and 31% of unlesioned control SON values, but that together with chronic hyponatremia, it produced a 97 and 90% decrease, respectively. Similarly, axonal compression alone in our studies produced a 76% decrease in VP MCNs and a 37% decrease in OT MCNs (Table 2) , which then fell to an 87% decrease in VP MCNs and a 65% decrease in OT MCNs with the TTX treatment, compared with unlesioned control SONs (Table  2) . Thus, these data obtained using the TTX paradigm provide direct evidence in vivo for the role of neural activity in the survival of MCNs after axonal injury by ME compression and show that block of this activity accentuates the process of retrograde degeneration.
In addition to confirming the in vivo data using TTX inhibition, the in vitro experiments in this study also extended the experiments by attempts to rescue the MCNs from axonal injury. Organotypic slice-explant cultures of rat hypothalamus are in vitro models for the study of axotomized MCNs. In the process of preparing these cultures, coronal cuts are made through the hypothalamus that transect all of the MCN axons projecting to the neurohypophysis. This is essentially equivalent to ME transection and neurohypophysectomy in vivo and produces substantial retrograde degeneration of the MCNs both in the SON and in the PVN in vitro (Vutskits et al., 1998; Rusnak et al., 2002 Rusnak et al., , 2003 . That this degeneration of the MCNs in vitro is attributable primarily to the axotomy and not to a general excitotoxicity caused by the damage to slice preparation is suggested by findings that the MCNs are relatively resistant to glutamate excitotoxicity and ischemia (Curras-Collazo et al., 2002) . When 2.5 M TTX was added to the culture medium, there was a large increase in cell death of the VP and OT MCNs in the cultured SONs (Figs. 5, 6 ), indicating that, as in vivo, the survival of axotomized MCNs was detrimentally affected by the inhibition by TTX of the spontaneous electrical and synaptic activity that is typically found in these cultures (Wray et al., 1991) .
The cell death of the MCNs in vitro has been attributed to apoptosis (Vutskits et al., 1998) , and it is well known that increasing extracellular K ؉ can block apoptosis in a great variety of neurons and promotes their survival in the absence of neurotrophic factors in the culture media. Elevation of extracellular KCl has been demonstrated to promote the survival of a wide variety of peripheral and central neurons (Gallo et al., 1987; Collins and Lile, 1989; Koike et al., 1989; Collins et al., 1991; Johnson et al., 1992; Galli et al., 1995; Pike et al., 1996; Yu et al., 1997; Colom et al., 1998) . When the hypothalamic organotypic cultures were incubated in 25 mM KCl, there was a considerable improvement in survival of the OT and VP MCNs (Figs. 5, 6 ), indicating that the potassium depolarization was able to counter the effects of axotomy. In addition, we observed that the deleterious effects of TTX on MCN survival in vitro could be reversed by potassium depolarization (particularly for the OT MCNs) and even more dramatically for both MCN subtypes by the neurotrophic factor CNTF (Fig. 8) .
The above experiments indicate that both neural activity and neurotrophic factors are neuroprotective for the MCNs in response to axonal injury. Consistent with the "neurotrophic hypothesis," which posits that the survival of neurons depends on the continuous retrograde supply of trophic factors from target organs (Purves, 1988; Oppenheim, 1989 Oppenheim, , 1991 , Vutskits et al. (1998) proposed that the programmed cell death of MCNs in the HNS is attributable to the loss of specific trophic actors, presumably CNTF, from the neurohypophysis. In this regard, the rescue of the MCNs in vitro by CNTF (Vutskits et al., 1998; Rusnak et al., 2002 Rusnak et al., , 2003 and the reversal of the TTX effect (Fig. 8) provide support for this proposal. The finding in this study that neural activity in vivo and in vitro and potassium depolarization in vitro are neuroprotective in the HNS is also in keeping with similar findings in other neuronal systems in the CNS (Goldberg and Barres, 2000) . Neural activity and potassium depolarization have been found to increase the survival of many CNS neuronal types in vitro, including cerebellar granule cells (Gallo et al., 1987; Balazs et al., 1988; Damgaard et al., 1996; DeMello et al., 1997) , hippocampal neurons (Barger, 1999) , striatal neurons (Nakao, 1998) , cortical neurons (Ghosh et al., 1994) , retinal ganglion cells (Meyer-Franke et al., 1995 , 1998 Goldberg and Barres, 2000) , and spinal motor neurons Soler et al., 1998) .
The mechanism by which neural activity can alleviate programmed cell death in CNS neurons is not well understood. It is interesting that the axotomy of spinal and hypoglossal motor neurons can cause "synaptic stripping," a mechanism involving microglia, astrocytes, and the postsynaptic neuron, that removes or "strips" away presynaptic buttons (Blinzinger and Kreutzberg, 1968; Svensson and Aldskogius, 1993; Aldskogius et al., 1999) . The consequence of this would be to reduce synaptic input to the neuron and thereby reduce the neuroprotective effect of activity in situ. This can be mimicked by the application of TTX and overcome in vitro by the application of increased extracellular KCl concentrations to depolarize the neurons and, thus, to provide neuroprotection to motorneurons (Soler et al., 1998) . However, the mechanism of the survival effect produced by potassium depolarization is controversial. Experiments by Johnson and coworkers Johnson et al., 1992) demonstrated that the anti-apoptotic effect of potassium depolarization was caused by an increase in Ca 2ϩ influx through voltage-gated Ca 2ϩ channels, which raised the internal Ca 2ϩ concentration to optimal levels necessary for survival. This view was termed the "calcium set-point hypothesis" . Although these data strongly suggested that the increased Ca 2ϩ was responsible for enhanced survival, other studies indicated that there was no correlation between the measured intracellular Ca 2ϩ levels and different membrane potentials induced by different extracellular K ؉ concentrations (Gallo et al., 1987; Collins and Lile, 1989; Koike et al., 1989; Galli et al., 1995; Tong et al., 1997) . Indeed, work on various neurons showed that both elevated extracellular K ؉ and K ؉ channel blockers, such as tetraethyl ammonium, suppress apoptosis and appear to do so by preventing decreases in intracellular K ؉ (Yu et al., 1997 (Yu et al., , 1998 (Yu et al., , 1999 Colom et al., 1998; Dallaporta et al., 1998; Hughes and Cidlowski, 1999) . This protective effect can be independent of changes in Ca 2ϩ (Yu et al., 1997 (Yu et al., , 1998 (Yu et al., , 1999 . It is interesting that in a number of neuronal systems, an increase in intracellular cAMP is sufficient to promote and maintain neuronal survival Nakao, 1998) . In retinal ganglion cells, it has been shown that both depolarization and increased intracellular cAMP act by recruiting a neurotrophin receptor to the plasma membrane by translocation from intracellular stores (Meyer-Franke et al., 1998; Shen et al., 1999; Goldberg and Barres, 2000) , thereby enhancing survival by activating a neurotrophic mechanism. Which, if any, of these mechanisms are evoked by neural activity in the HNS remains to be determined.
